Symmetric quantum dots as efficient sources of highly entangled photons 
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An ideal source of entangled photon pairs combines the perfect symmetry of an atom with the 
convenient electrical trigger of light sources based on semiconductor quantum dots. We create a 
naturally symmetric quantum dot cascade that emits highly entangled photon pairs on demand. Our 
source consists of strain-free GaAs dots self-assembled on a triangular symmetric (lll)A surface. 
The emitted photons strongly violate Bell's inequality and reveal a fidelity to the Bell state as high 
as 86 (±2) % without postselection. This result is an important step towards scalable quantum- 
communication applications with efficient sources. 

PACS numbers: 78.67.Hc, 03.67.Bg, 78.55.-m 
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Entanglement is an essential resouree for the imple- 
mentation of quantum information processing. An effi- 
cient source of high-purity entangled photons is of key 
importance for realizing practical quantum communica- 
tion [ij-Ql. The use of a semiconductor quantum dot as 
a triggered photon-pair source was initially proposed in 
2000 Despite the concept being straightforward and 
analogous to that of an atomic cascade employed in the 
first demonstration of the violation of Bell's theorem Q , 
experimental implementation remains challenging due to 
the inherent anisotropy of dots. Most investigated dot 
systems suffer from structural asymmetry, which induces 
a fine structure splitting (FSS) of the optically active ex- 
citon states [1, Q . This FSS makes radiative transition 
paths distinguishable, and thus strongly degrades or even 
prohibits entanglement in the emitted photons [1] . 

Sophisticated techniques have been developed to re- 
cover the optical isotropy of dots, eventually demonstrat- 
ing entangled photon pair emission Despite im- 
pressive progress, these post-production techniques suf- 
fer from two main drawbacks. First, the application 
of external parameters such as strain and/or electric 
fields has to be fine-tuned specifically for each fabricated 
dot. Second, the degree of entanglement remains low 
compared with those routinely achieved with other non- 
deterministic sources. The complexity of these exter- 
nal methods would limit the potential scalability of dot- 
based photon sources. Here we take a different approach 
to create a perfectly symmetric photon source using an 
alternative method of dot self-assembly. 

Symmetry breaking in conventional dots is related to 
the growth of a cubic semiconductor along the [100] crys- 
tal axis. Since a (100) surface constitutes atomic align- 
ment with C2v symmetry, grown structures inevitably 
suffer from elongation, which lifts the degeneracy of 
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FIG. 1. (color online), (a) Conventional dots are grown on a 
(100) surface that has C2v symmetry. The elongation of a dot 
shape and other anisotropic properties induce the asymmetry 
of the wave function envelope. This causes the exciton state 
to split into two orthogonally-polarized states with energies 
of iJx and ijy. In contrast, for dots grown on a (111) surface 
that has Csi, symmetry the exciton states remain degenerate. 
The polarization of the emitted photons becomes indistin- 
guishable, which ensures the generation of entanglement, (b) 
Atomic force microscope analysis of the sample surface, (c) 
Photoluminescence spectrum of an isolated GaAs dot. See 
text for nomenclature. 



the exciton state [16[ (see Fig. 1(a)). In contrast, in 
dots grown along the [111] axis, where both (lll)A and 
(lll)B surfaces have C31, symmetry, any source of struc- 
tural asymmetry is eliminated [13, lllj ■ As a consequence 
the exciton states remain degenerate. Unfortunately, the 
standard dot growth in the Stranski-Krastanov mode is 
prohibited along [111]. This obstacle is overcome by 
using patterned substrates 0, [2^ or droplet epitaxy 
21I . |22| . In InGaAs dots on a patterned (lll)B sub- 
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FIG. 2. (color online). Coincidence histograms between the 
XX and X photons for different polarization combinations. 
The signal at positive times is counted for the detection of an 
XX photon followed by that of an X photon. The two-photon 
projection settings (such as LR) are indicated by the first 
letter for XX photons and the second letter for X photons. 
They are plotted with a time bin of 128 ps. 



strate the suppression of the FSS and the observation of 
classical correlations have been demonstrated. How- 
ever, future applications require further processing such 
as the post fabrication of pillars or electrodes. This is 
more challenging with patterned dots than with dots on 
planar substrates. In this work, we focus on GaAs dots 
grown on a (lll)A substrate by droplet epitaxy [23j. 
This technique allows to embed dots in a lattice-matched 
barrier material, which ensures the robustness of the sup- 
pression of the FSS against microscopic randomness. An- 
other unique features is that the dots have no wetting 
layer, which allows for a clean radiative cascade without 
the emission of incoherent light. These two key proper- 
ties of droplet epitaxial dots account for the high degree 
of entanglement achieved by our source. 

The details of dot growth are reported elsewhere . 
We employed a standard molecular beam epitaxy ma- 
chine. After growing an Alo.3Gao.7As layer on the 
gallium-rich surface of a GaAs (lll)A substrate, we 
supplied a 0.043 monolayer of gallium that formed Ga 
droplets at 400 °C. Then we supplied AS4 to crystal- 
lize the droplets into GaAs dots at 200 °C, followed by 
annealing at 500 °C. Several types of microscope obser- 
vations revealed the formation of dots with a truncated 
cone shape whose average radius and height were 16 nm 
and 1.4 nm, respectively. Figure 1(b) shows the atomic 
force microscope image of an investigated dot, which ex- 
hibits no lateral elongation. This is in stark contrast to 
dots grown on (100) surfaces, which exhibit significant 
elongation along [1-10] [H, The GaAs dots were 

capped with an Alo.3Gao.7As barrier. 

For excitation we used a pulsed semiconductor laser 
that emitted light pulses with a temporal width of 80 ps, 
a wavelength of 640 nm, and a repetition rate of 200 MHz. 



Such high repetition pumping allowed us to measure the 
correlation profile with high visibility [2^ 27 1. In this 



condition, photocarriers were pumped to the barrier con- 
tinuum, and then relaxed to dots before recombination. 
Linear excitation polarization was employed to avoid the 
effects of nuclear polarization [2I]. The photolumines- 
cence beam from a single dot was collected by an objec- 
tive lens with a numerical aperture of 0.75, and split into 
two beams with different spectral components, one com- 
prising the X line and the other comprising the XX line 
with a bandwidth of 200 ^eV. Each beam was coupled 
to a polarization analyzer and detected by an avalanche 
photodiodc. The typical count rate was 30,000 counts 
s~^ for X photons, and 6,000 counts s~^ for XX photons, 
when the polarization analyzer was removed. 

We simultaneously counted three photon channels, i.e., 
XX photons projected onto a given polarization state, X 
photons projected onto another polarization state (such 
as |i?)) and its orthogonal complement (such as \L)). The 
use of three detectors enabled us to eliminate the influ- 
ence of excitation fluctuations on coincidence visibility - 
see Supplementary information. The number of coinci- 
dence was analyzed with a time-to-digital converter. The 
typical integration time was 10 minutes for each polar- 
ization condition. All the experiments were performed at 
9 K. 

Figure 1(c) shows the photoluminescence spectrum of 
an isolated dot. It consists of four main lines, which 
are identified as being from the high-energy side, neutral 
excitons (X), positively charged excitons (X+), neutral 
biexcitons (XX), and negatively charged excitons (X~) 
[2^. For performing the correlation measurements, we 
select as-grown dots without a detectable FSS from the 
sample. Polarized photoluminescence was analyzed with 
a spectral resolution comparable to the radiative width, 
which is expected to be 2.4 ^eV (560 ps in terms of life- 
time; see Fig. 4(a)). Small but non-zero FSS values are 
confirmed for most of the dots, and they are distributed 
around a mean value of 10 ± 5 //eV. This is notice- 
ably smaller than both the typical values for Stranski- 
Krastanov grown dots, and those for droplet epitaxial 
GaAs dots grown on (100) [23|. In the investigated sam- 
ple 5 % of the dots show no detectable FSS and we have 
measured the photon correlations in more than 10 se- 
lected dots. They all exhibit entanglement (and not only 
"classical correlation" Q), while the visibility of quan- 
tum interference differs from dot to dot, reflecting the 
variation in the FSS. 

Figure 2 shows the results of photon correlation mea- 
surements in a typical dot. L, R, H and V indicate pro- 
jections along the left-handed circular, right-handed cir- 
cular, linear laboratory horizontal, and vertical polariza- 
tions, respectively. D is linear diagonal with a polariza- 
tion axis tilted by 45° from H, and A is anti-diagonal 
where A _L D. The top panel in Fig. 2(a) shows a co- 
incidence histogram for L-polarized XX photons and R- 
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polarized X photons (denoted by LR). The presence of a 
central peak confirms a radiative cascade. The XX and X 
photons are clearly correlated, resulting in a higher prob- 
ability than that for detecting uncorrelated photons. The 
central peak disappears for a polarization combination 
of LL (second panel). Thus, the probability of observ- 
ing both XX and X photons in L is close to zero. The 
same anti-correlation is confirmed for RR (third panel), 
but a positive correlation is recovered for RL (bottom 
panel). These results imply that the two-photon po- 
larization state can be approximated by one of the Bell 
(maximally entangled) states. 
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This correlation is a direct consequence of the fact that 
a biexciton in its lowest energy consists of two excitons 
with anti-parallel spins. For anisotropic dots, however, 
this behavior is entirely masked by the finite values of 
FSS, which prohibit the emission of circularly polarized 
photons. 

A key criterion for entanglement is the presence of a 
correlation independent of the chosen polarization basis. 
Figure 2(b) shows coincidence histograms for rectilinear 
polarizations. A positive correlation appears for paral- 
lel polarizations {HH,VV), while it disappears for per- 
pendicular polarizations {HV,VH). These results agree 
with the expression of the Bell state of Eq. 1 in a linear 
polarization basis, l^-) = {\HH) + \VV))/^/2. Similar 
correlations are confirmed for the D/A basis as shown in 
Fig. 2(c). 

We define the correlation visibility C ~ 
I (tt-Ii — nj_)/(n|| -|- nj_) I , where n\\ is the number of 
coincidences normalized with the two-photon flux for a 
co-polarized basis, and is that for a cross-polarized 
basis (see. Supplementary information for the normal- 
ization procedure). An ideal source is expected to show 
C = 1 for any orthogonal basis set. Our results show 
that C = 0.87 ± 0.03 for R/L and C = 0.78 ± 0.03 
(0.77 ± 0.03) for H/V {D/A). The visibility for linear 
polarizations is found to be approximately independent 
of the polarization direction, which demonstrates the 
isotropic characteristic of our source (Supplementary 
Fig. 1(a)). The higher C value for the circular basis 
than for the linear bases originates from the hyperfine 
interaction of the exciton with nuclear spins ~ see. 
Supplementary Discussion. The entanglement fidelity 
is defined as the projection amplitude of a measured 
polarization state on a target Bell state, which is given 
by / = (1 + Cr,l + Ch/v + Cd,a)/^ m- Our resuhs 
reveal that / = 0.86 (±0.02), which is much larger than 
the classical limit of 0.5, and fairly high compared with 
the values reported in p revious studies on dot based 
photon sources [ill - 14 1 . 

Quantum theory predicts a strong correlation beyond 
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FIG. 3. (color online), (a) Normalized coincidence counts as a 
function of the X polarization angle (0x) for four different val- 
ues of the XX polarization (^xx). The error bars include only 
Poissonian noise. The sinusoidal fits are also shown by lines, 
(b) Tomographic representation of the measured two-photon 
state. The density matrix is reconstructed using coincidence 
counts for 36 projection bases. The absolute values are plot- 
ted for the imaginary part of the matrix, and their signs are 
shown in the top of each element. 



the classical limit that assumes locality and reality j3ll |. 
The relevant feature is refiected in the sets of photon 
correlations in non-orthogonal polarization bases. Fig- 
ure 3(a) shows normalized coincidence counts as a func- 
tion of the polarization angle of X [Ox) at four differ- 
ent angle settings for XX polarization (0xx)- Note that 
we define the angle of as the polar angle of a po- 
larization state that moves in the RLHV plane of the 
Poincare sphere [9 = for R and = 90° for H). 
It was experimentally controlled by the application of 
phase retardance to each beam using liquid crystals. The 
azimuth-angle dependence was also measured and shown 
in Supplementary Fig. 1(b). Sinusoidal oscillations in 
the coincidence counts provide evidence of quantum in- 
terference, distinct from classical correlation. The maxi- 
mum violation of Bell's inequality in the Clauser-Horne- 
Shimony-Holt form [s^ is expected to appear for polar- 
ization correlations with 6lxx = 0°, 90°, 180°, 270° and 
6»x = 45°, 135°, 225°, and 315°. We measure the coinci- 
dence counts for these settings, and estimate the 5" pa- 
rameter to be 2.33 ± 0.06 > 2. It clearly violates Bell's 
inequality by more than five times the standard devi- 
ation, which is definite proof of the nonlocality of the 
measured photons. 

Figure 3(b) shows the reconstructed density matrix of 
the two-photon state using the correlation measurement 
resuhs of 36 projection sets (X, XX € {R, L, H, VJ), A}) 
with the aid of a maximum- likelihood technique [33| . The 



4 



K^Co-circular 
^^Cross-circular 

ri"^=560 ps 




1 2 
Time (ns) 



FIG. 4. (color online), (a) The decay of circularly polarized 
photoluminescence signals for the X line after short-pulsed 
and quasi-resonant excitation. Here we study the same dot 
as that used in the correlation measurement, (b) The degree 
of circular polarization, defined as {I (a) — I (a)) / {I (a) + 1 (a)) , 
where I{a) and I{a) are the co-circular and cross-circular in- 
tensities, respectively. The broken line is an exponential fit 
to data, with an estimated decay time of Fg ^ =L5 ns. The 
inset shows the energy diagram of the exciton state. In the 
experiment, we used a short-pulsed parametric oscillator that 
emitted 4 ps pulses with a wavelength shifted by an optical 
phonon energy of 37 meV from the X line. The excitation 
polarization was set as circular, and temporally modulated to 
maintain an equilibrium nuclear environment. Polarized pho- 
toluminescence was detected by a fast-response photomulti- 
plier tube with a response time of 40 ps. 



presence of four real values at the corner of the ma- 
trix, with negligible values for the others, demonstrates 
the superior characteristics of our source. The matrix 
has a partial transpose with the minimum eigenvalue of 
—0.36 < 0, which clearly satisfies the Peres criterion of 
entanglement, which assures quantum inseparability [34 1. 
The density matrix allows us to evaluate the degree of 
coherence and the degree of mixedness of the measured 
state in terms of the tangle (T) and the linear entropy 
(S'l), respectively. From T we derive one of the most ba- 
sic measure of the entanglement of formation (Ep) (sBj . 
Our results reveal that {T,Sl,Ef) = (0.53,0.32,0.63). 
These values are the best among those achieved by sim- 
ilar types of photon sources, even without the postsclec- 
tion (or any local operation) of produced photons. 

Small but apparent deviation in the measured photons 
from the ideal Bell pairs (Eq. 1) is due to the depolar- 
ization of the exciton state. Figure 4(a) shows the time- 
resolved photoluminescence of the X line after polarized 
quasi-resonant excitation. Note that we study the same 
dot as that used in the correlation measurement. The 
photoluminescence decay shows a single exponent with a 
lifetime of F7 



lation measurement [3a]. Figure 4(b) shows the circular 
polarization degree, which decays with F^T^ — 1.5 ns. 
The fact that Fg ^ Fi supports the view that polar- 
ization memory is well conserved until recombination. 
Nevertheless, a finite value for Fg gives rise to a finite 
probability of observing depolarized photons. We can 
estimate the correlation visibility of photon pairs to be 
Fi/(Fi -|- Fg) « 0.7, which is in fairly good agreement 
with the observed C value. These findings indicate that 
our source is neither affected by incoherent noise associ- 
ated with carrier recapturing [isl Isoj nor light emission 
from other luminescent centers than the dot. The degree 
of entanglement is thus purely limited by the scattering 
of excitons. We ascribe the exciton depolarization to ran- 
dom charge and nuclear spin fluctuations in and near the 
dot - see. Supplementary discussion. 

In summary, we have demonstrated the generation of 
entangled photon pairs using a strain-free GaAs dot as 
a symmetric artificial-atom cascade on (lll)A surfaces. 
A clear violation of Bell's inequality is observed in cor- 
relation measurements that do not rely on postselection 
through filtering or tuning. We clarified the impact of 
exciton depolarization on the degree of entanglement in 
the emitted pairs. The influence of depolarization could 
be efficiently suppressed in the future using the Purcell 
enhancement of the radiative rate |13| or time-domain 
filtering with fast- response detectors [30|. Making use 
of droplet epitaxy, we are able to realize a symmetric 
dot cascade that can operate at telecommunication wave- 
lengths with no practical difficulty. Thus, our entangled 
photon-pair source based on isotropic quantum dots pro- 
vides a versatile building block for the future realizations 
of quantum information networks. 
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